Abstraet--A unique vanadium-titanium-bearing mixed-layered clay is currently being mined as an ore of vanadium at Potash Sulphur Springs, AR. The clay contains 80% expandable portion and has both a 14.22 and 18.24/~ hydration state in addition to the 9.49/~ dehydrated state; ethylene glycol expands this material to 16.69 A. The 060 reflection for all hydration states is between 1.50 and 1.51 ]k indicating the material is dioctahedral. The "mean chemical formula" calculates as (Cao.o8 Ko.o2 Nao.os)o.13 (A10.11 Vo.~0 TioA9 Feo.~ Mgo.~4)l.as (Si3.79 Alo.204 O10 (OH)2"nH20.
INTRODUCTION
The Union Carbide Company has been operating a vanadium mine in the fenitized zone of the Potash Sulphur Springs alkali intrusion since 1960. Chemical analyses on bulk samples of the ore, which is composed predominantly of an expandable clay plus minor amounts of other included minerals, principally alkali feldspar, futile and apatite, yield average values of 2% V203 and 1% TiO2. As of this time there is no reported occurrence of a clay containing vanadium or titanium as major cation constituents. Minor amounts of titanium have been reported such as in the Amory montmorillonite (Grim, 1968; Ross and Hendricks, 1945) . This current study was two-fold: (1) to determine if vanadium or titanium are in the clay structure and (2) if vanadium and titanium are in the clay, to determine the chemical analysis and lattice parameters of the clay.
GEOLOGY OF THE POTASH SULPHUR SPRINGS COMPLEX
The Potash Sulphur Springs igneous intrusion is located in sections 17 and 18, T3S, RI8W in Garland County, AR, and is situated on the nose of a southwest plunging anticlinal fold in the Zig Zag Mountains. It is a discordant alkalic igneous intrusion 1.2 k in diameter and roughly circular in shape, which is surrounded on the north, east and west predominantly by Arkansas novaculite and on the south by Stanley shale. The intrusion has generally been considered to be a ring-dike similar in composition to the Magnet Cove complex; chemical and petrographic investigations, however, indicate that the intrusion is a "differentiated syenite stock which was later intruded by mafic bodies" (Howard, 1974) . The core and western rim of the complex consists of feldspathoidal syenite while the remainder of the rim consists ofleucopulaskite and pulaskite. Carbonatite, ijolite, malignite, naujaite and numerous lamprophyre dikes are disseminated within the complex (Figure 1) . Geophysical evidence indicates a southeastward dip to the complex (Pollock, 1965 ). An accurate age determination for the Potash Sulphur Springs intrusive is lacking; however, the date is generally assumed to be analogous to that of the Magnet Cove intrusion which has been determined as being 98 +-10 million yr before present (late Cretaceous) (Erickson and Blade, 1963; Miller, 1969; Naeser and Paul, 1969) .
Fenitization (alkali metasomatism), which followed the emplacement of the intrusion, altered the eastern rim of the nepheline syenite to a pulaskite and leucopulaskite. This fenitization extended outward into the surrounding sediments and is most noticeable in the Arkansas novaculite, which originally had an average composition of 99% silica (Purdue and Miser, 1923) . Mineralogic studies of the fenitized novaculite zones have shown a replacement of the quartz grains by alkali feldspar (probably orthoclase), with the boundary between the fenite zone and the pulaskite-leucopulaskite marked by the presence of large lath-shaped alkali feldspar grains (Heathcote, 1976) . Once the quartz is completely replaced by the alkali feldspar, further fenitization "involves a recrystallization of the alkali feldspar and simultaneous development of fluorapatite" (Heathcote, 1976) . Heathcote (1976) believes the fenitizing agent to be a highly fluid phase of the original nephelinitic magma composed chiefly of those elements generally thought robe concentrated in the fluid phase as a magma cools and differentiates. At Potash Sulphur Springs, the particular elements introduced during fenitization are potassium, sodium, aluminum, calcium, iron, phosphorus, fluorine and sulphur. The fenitization is believed to be followed by a carbonate phase. Evidence for this is interpreted from the fact that the "carbonate stringers (carbonate-pyrite veinlets) are always found cutting fenitized rock, but fenitized rocks are not always cut by carbonate stringers" (Heathcote, 1976) . This carbonate phase is believed to be the medium through which the vanadium and titanium were introduced into the area. The altered zone is developed continuously near the pulaskite contact but becomes patchy and degenerates into stringers after about 45 m (150 ft) from this contact; within this patchy zone, fenitized areas tend to follow fractures. Fenitization is evident for at least 300 m (1000 ft) from the pulaskite contact (Heathcote, 1976) , and appears to be associated with a carbonatite phase. The carbonatite is usually injected into the alkaline igneous complex near the end of its cooling sequence (Heinrich, 1966) ; this process usually takes place under constant volume. The mechanisms by which the rocks are fenitized are still unknown, although mineralogical evidence seems to indicate a moderate temperature (400-600~ and highly volatile alkali-halide fluids interacting with minerals of the country rock (Tuttle and Gittins, 1966) .
Vanadium-bearing clay occurs along the contact between the leucopulaskite-pulaskite and the altered novaculite and extends outward into the novaculite for about 15 m (50 It). The vanadium concentration in the altered area is zoned with the highest concentration along the contact between the leucopulaskite-pulaskite rocks and the fenitized novaculite 
ANALYTICAL METHODS

Sample preparation
Samples chosen for analyses were collected from the East Wilson pit at the approximate contact between the fenitized zone and the leucopulaskite-pulaskite rocks (Figure 1 ). The raw samples were disaggregated in 1000 ml of water in an electric mixer and allowed to stand for sufficient time to allow the sand fraction (>62 tzm) to settle out according to Stoke's law. The clay and silt fractions left in suspension were siphoned off and size fractionated by centrifugal sedimentation. When dry, the sediment was split in half; one half to be used for X-ray analysis and the other half for chemical analysis.
The sample fractions to be used for chemical analysis were dried at 125~ and weighed, the process being repeated until a constant weight was obtained, then placed in a desiccator over calcium chloride. The sample fractions to be used for X-ray diffraction were dispersed in distilled water, allowed to settle for 15 min and then put on ceramic plates by suction; these samples were then placed in the desiccator with the dried samples. A small amount of the samples dried for chemical analysis were loaded in both glass capillaries for use in a Debye-Scherrer camera and in holders for use on a Guinier camera.
X-ray analyses
All X-ray powder diffraction analyses were performed on a Philips APD 3500 diffractometer with CuKa radiation. This automated diffractometer is equipped with a two-theta compensating slit and a graphite monochrometer which yield a low background down to 1.5 ~ 20 and very sharp resolution of diffraction peaks.
Samples were analyzed on the diffractometer in four different environmental states: (1) after heating at 700~ for 2 hr, (2) room temperature and 15% r.h., (3) room temperature and 100% r.h. (achieved by placing water directly on to the sample just before X-raying), and (4) after exposure to an ethylene glycol atmosphere for 24 hr. All samples were run from 2o-64 ~ 20 using a peak search program developed by Philips Electronics.
Samples run in both the Debye-Scherrer and Guinier cameras were subjected to the same four environments as were the diffraction samples.
Chemical analyses
An acid-dissolution method for separating the structural units of silicates was first suggested by Rader et al. (in Belt, 1967) . Variations of this method have been successfully used by Belt (1967) , Brindley and Youell (1951) , Gastuche and Fripiat (1962 ), Osthaus (1956 ), McClelland (1973 ), and McCormick (1975 ; a three-step dissolution was used in this study (Figure 2) . The ammonium acetate, hydrochloric acid and dissolved lithium borate flux solutions were each analyzed for Si, A1, V, Ti, Fe, Mg, Ca, K and Na by means of atomic absorption using the standard curve method.
Kinetic studies on solution rates were made for all nine elements in the ammonium acetate and hydrochloric acid solutions to determine length of time and number of repetitions of solution treatment needed to remove each ion from its structural site. Ammonium acetate solutions were allowed to stand for 24 hr at room temperature then decanted. The decanted fluid was analyzed for all nine elements and the residue was put in fresh ammonium acetate solution and the cycle 
NUMBER OF TIMES DECANTED 24 HRS BETWEEN EACH DECANTATION
Rate ofsolution of Ca, K and Na ~om sample S3in3 N ammonium acetatesolution. repeated six times. Only Ca, K and Na were detected in the solutions (Figure 3) .
The hydrochloric acid solutions were heated at 90~ for 2 hr then decanted. The filtrate was analyzed for all nine elements and the residue was put in fresh HCI and the cycle repeated 12 times ( Figure 4) ; only V, Ti, Fe, Mg, Si, A1 and Ca were detected in these solutions.
Bulk samples of each split were fused with lithium metaborate and dissolved in 1:1 HCI; the solutions then analyzed for all nine elements. The totals for each element obtained from the separating procedure were compared to the totals of the bulk sample to insure accuracy. A standard (OB-1) basalt supplied by Iowa State University was analyzed and the values we ob- 
SEM analysis
A number of clay samples were examined by SEM ( Figure 5 ) and mapped for V, Ti, Fe, Mg and Ca using an Ortec energy dispersive system attached to the SEM. Mapping for each of these elements yielded only general scatter and gave no area of concentration for any of the elements.
DISCUSSION OF RESULTS
X-ray powder diffraction studies showed the clay to have three states of hydration (18.24, 14.22 and 9 .49 ]k) in addition to a 16.69/~ phase when saturated with ethylene glycol (Figures 6a-d) . The basal spacings obtained from X-ray powder diffraction of all hydration states are irrational series, thus indicating that the clay is mixed-layered. Table 1 lists all diffraction lines from 2 to 64 ~ 20 for each hydration and glycolated state. All hkO reflections were obtained from both Debye-Scherrer and Guinier photographs. 001 spacings down to 14 ~ were obtained from Debye-Scherrer films; those below 14 A had to be obtained from the diffraction charts. All interplanar spacings for each hydration and glycolated state were submitted to a cell refinement and indexing program. The observed d-spacings, calculated d-spacings, cell edges and interaxial angles obtained from this program are listed in Table 1 . This author is fully aware that one cannot accurately index a mixed, layered clay or determine accurate cell dimensions for such a clay in this manner. An additional problem is that many of the reflections are broad and/or weak. The indexed values obtained from the program are very close to the observed values and thus this author feels that the listing in Table 1 gives a better overall picture of the various hydration states than would a mere listing of observed d-values. The three decimal place values obtained from the computer have been left in Table 1 ; however, accuracy certainly cannot be claimed much above the first decimal place.
The a0 and b0 values differ little between the four phases and it is the co and/3 values which vary as one would expect. The 060 reflection in all cases is between 1.50 and 1.51/~, indicating that the clay is dioctahedral (Warshaw and Roy, 1961) .
Kinetic studies described earlier (Figures 2 and 3 ) yield convincing evidence that all Ca, K and Na are re- Approximately 2% SiOz and a slight excess of A1203 which theoretically should not be in octahedral positions are also found. Careful X-ray analyses were made on clay samples prior to chemical analysis to insure that no quartz, feldspar, rutile, or apatite were present; none was found. The presence of the silicon and excess aluminium then is most likely due to broken bonds around the edges of the tetrahedral layer. Tables 2 and 3 contain the results of the chemical analyses of the three-step dissolution process and bulk sample analyses of sample $2 and $3, respectively. It is apparent that the two bulk sample analyses are in good agreement; however, some of the totals of the separated samples, in particular, V203, A1203 and Tit2, are not in good agreement with the bulk sample values. This author has used the oxide values from the separated samples only to determine in which sites the elements occur; the chemical formula has been calculated using the bulk sample values. The difference between the totals in Table 2 and 3 and 100% is assumed to be H20 +. 
CONCLUSIONS
The X-ray analyses of the clay yield the following results:
(1) basal spacings are an irrational series; (2) the glycolated 001 reflection is at 16.69 ,~; (3) the dehydrated 001 reflection is at 9.49 A; (4) two states of hydration (14.22 and 18.24 ~) are present; (5) the 060 reflection occurs between 1.50 and 1.51 ~.
These results show the clay is a randomly mixed-layered clay containing 80% swelling fraction (Weaver, 1956) . The presence of only a two-or three-layer hydration state in addition to the dehydrated state indicates that calcium is the predominant interlayer cation (Brown, 1961) . The 060 reflection at 1.50-1.51 ~ shows the clay to be dioctahedral (Warshaw and Roy, 1961) .
Weaver (1%5) points out that a single structural formula will not suffice for a mixed-layered structure. Hower and Mowatt (1966) suggest that a "homogeneous" single structural formula represents the mean 2:1 composition. They further state that until the nature of mixed layering can be examined in more detail it is stifficient to write a "mean" structural formula.
The" mean" formula derived from the analyses using the method of Brown and Norrish (1952) is: (Ca0.osK0.o2Nao.03)o.13(Alo.llV0.a0Ti0.19Fe0.64Mg0.14)l. s (Si3.79Alo.z1)4Olo(OH)2 9 n H20.
